BACKGROUND: Recent evidence suggests that G protein-coupled receptors, especially those linked to G␣ i , contribute to the mechanisms of anesthetic action. Regulator of G protein signaling (RGS) proteins bind to activated G␣ i and inhibit signal transduction. Genomic knock-in mice with an RGS-insensitive G␣ i2 G184S (G␣ i2 GS) allele exhibit enhanced G␣ i2 signaling and provide a novel approach for investigating the role of G␣ i2 signaling and RGS proteins in general anesthesia. METHODS: We anesthetized homozygous G␣ i2 GS/GS and wild-type (WT) mice with isoflurane and quantified time (in seconds) to loss and resumption of righting response. During recovery from isoflurane anesthesia, breathing was quantified in a plethysmography chamber for both lines of mice. RESULTS: G␣ i2 GS/GS mice required significantly less time for loss of righting and significantly more time for resumption of righting than WT mice. During recovery from isoflurane anesthesia, G␣ i2 GS/GS mice exhibited significantly greater respiratory depression. Poincaré analyses show that GS/GS mice have diminished respiratory variability compared with WT mice. CONCLUSION: Modulation of G␣ i2 signaling by RGS proteins alters loss and resumption of wakefulness and state-dependent changes in breathing.
BACKGROUND: Recent evidence suggests that G protein-coupled receptors, especially those linked to G␣ i , contribute to the mechanisms of anesthetic action. Regulator of G protein signaling (RGS) proteins bind to activated G␣ i and inhibit signal transduction. Genomic knock-in mice with an RGS-insensitive G␣ i2 G184S (G␣ i2 GS) allele exhibit enhanced G␣ i2 signaling and provide a novel approach for investigating the role of G␣ i2 signaling and RGS proteins in general anesthesia. METHODS: We anesthetized homozygous G␣ i2 GS/GS and wild-type (WT) mice with isoflurane and quantified time (in seconds) to loss and resumption of righting response. During recovery from isoflurane anesthesia, breathing was quantified in a plethysmography chamber for both lines of mice. RESULTS: G␣ i2 GS/GS mice required significantly less time for loss of righting and significantly more time for resumption of righting than WT mice. During recovery from isoflurane anesthesia, G␣ i2 GS/GS mice exhibited significantly greater respiratory depression. Poincaré analyses show that GS/GS mice have diminished respiratory variability compared with WT mice. CONCLUSION: Modulation of G␣ i2 signaling by RGS proteins alters loss and resumption of wakefulness and state-dependent changes in breathing. Vol atile anesthetics are thought to produce a loss of consciousness by numerous mechanisms that include activating inhibitory ionotropic ␥-aminobutyric acid type A receptors, inhibiting excitatory ionotropic glutamate receptors, and direct effects on ion channels, such as the 2-pore potassium channels. [1] [2] [3] [4] [5] Less is known about the contribution of metabotropic receptor signaling to the generation of anesthetic states. 6 -8 There is evidence that G protein-coupled receptors (GPCRs) are altered by anesthetics 8 -11 and may contribute to anesthesia by mimicking signaling that occurs during normal states of sleep and wakefulness. 6, 7, [12] [13] [14] GPCRs activate heterotrimeric G proteins by inducing the binding of guanosine triphosphate (GTP), and activated G proteins are subsequently turned off by hydrolysis of GTP to guanosine diphosphate to restore the inactive state. 15 There are 4 families of G proteins, referred to as G s , G i , G q , and G 12 . Receptors that activate G i lead to inhibition of neural activity by multiple mechanisms. 15, 16 G i -linked pathways in the brain modulate states of behavioral arousal. For example, M2 and M4 muscarinic cholinergic receptors contribute to the regulation of wakefulness, 17 and ketamine inhibits muscarinic receptors 18 as well as acetylcholine release. 19 Volatile anesthetics act on GPCRs, 6, 20 including cholinergic 21 and hypocretinergic 12 receptors that promote cortical and behavioral arousal.
Regulators of G protein signaling (RGS) proteins inhibit G protein signaling by speeding the rate of GTP hydrolysis, [22] [23] [24] which allows RGS proteins to tightly control G protein activity and subsequent downstream signaling. Knock-in mice containing an RGSinsensitive G␣ i2 G184S allele have been described. 25, 26 These mice lose the negative regulatory activity of RGS proteins such that receptor-stimulated G␣ i2 proteins remain active for a longer period of time. As a result, the G␣ i2 RGS-insensitive knock-in mice (either homozygous G␣ i2 GS/GS or heterozygous G␣ i2 GS/ϩ) exhibit enhanced G␣ i2 signaling compared with wildtype (WT) mice. 25, 26 Some 25, 26 but not all 27 physiological responses are enhanced by the G␣ i2 G184S mutation, whereas other physiological responses are selectively enhanced by a similar G␣ o G184S mutation. 27 The prolonged inhibitory signaling makes the G␣ i2 GS/GS mice a novel tool for examining the role of G␣ i2 signaling and RGS proteins in anesthetic action.
We tested the hypothesis that, compared with WT mice, increased G␣ i2 signaling in G␣ i2 GS/GS mice alters the loss of consciousness caused by isoflurane anesthesia and breathing. The results provide an initial phenotyping of the effects of isoflurane in G␣ i2 GS/GS mice and suggest that RGS proteins contribute to isoflurane anesthesia. Portions of these data have been presented as abstracts. 28, 29 
METHODS

Animals
The University of Michigan Committee on Use and Care of Animals reviewed and approved all procedures. Experiments were conducted in accordance with the National Institutes of Health Policy on Humane Care and Use of Laboratory Animals (NIH publication 80-23). Adult male homozygous G␣ i2 GS/GS knock-in (n ϭ 16) and WT littermate control mice (n ϭ 10) derived from the C57BL/6J strain were obtained from an internal colony. The development of the knock-in mice and the genotyping protocol have been described in detail. 25 Mice were housed in a temperature-and humidity-controlled environment with ad libitum access to food and water and were kept on a 24-h light cycle to minimize circadian influences. For data collection, experimenters were blinded to mouse genotype.
Quantifying Loss of Righting Response
G␣ i2 GS/GS and WT mice were used to quantify the time to become immobile after a single exposure to isoflurane (Hospira, Lake Forest, IL). Mice (n ϭ 8 per genotype) were conditioned to handling and to being placed in an acrylic chamber for 1 wk before experiments. On the experiment day, mice were placed in the acrylic chamber (25 ϫ 11 ϫ 13 cm) and administered 5% isoflurane in 100% oxygen at a flow rate of 1 L/min. Loss of righting response was operationally defined as the isoflurane-induced loss of a weightbearing posture and the inability to resume a normal weight-bearing posture after being placed in dorsal recumbency. The time (in seconds) from onset of isoflurane administration until the loss of righting response was recorded manually. Each mouse was used for 1 trial.
Quantifying Resumption of Righting Response
G␣ i2 GS/GS and WT (n ϭ 5 for each group) were used to quantify time for resumption of righting response after isoflurane anesthesia. Mice were conditioned to handling as described above. On the day of the experiment, mice were placed in the acrylic chamber and administered 3% isoflurane in 100% oxygen until they exhibited loss of righting. Mice were then transferred to a Kopf Model 923-B mouse anesthesia mask (David Kopf Instruments, Tujunga, CA) and anesthesia was maintained with 1.3% isoflurane in 100% oxygen. 30 The administered isoflurane concentration was monitored continuously using a Datex-Ohmeda Cardiocap 5 (Madison, WI), and body temperature was held at 37°C throughout the entire experiment using a water-filled heating pad (Gaymar Industries, Orchard Park, NY). Isoflurane delivery was discontinued 30 min later and mice were placed in dorsal recumbency under a heating lamp. The time (in seconds) until mice resumed a normal, upright posture was recorded. Each mouse was used for 6 experiments with 1 wk between experiments.
Quantifying Breathing During Recovery from Isoflurane Anesthesia
G␣ i2 GS/GS and WT littermate controls were used to quantify isoflurane-induced alterations in breathing. Mice were conditioned to handling as described above and to being placed in a PLY 3211 Buxco plethysmography chamber (Wilmington, NC). The same anesthesia protocol used for the resumption of righting response experiments was followed. After 30 min of isoflurane anesthesia, mice were placed in the plethysmography chamber for 1 h and exposed to room air while breathing was recorded. Temperature in the plethysmography chambers was maintained between 26°C and 28°C. The plethysmography system allowed for the quantification of respiratory rate, tidal volume, minute ventilation, inspiratory time, expiratory time, total respiratory cycle time, inspiratory flow, and inspiratory effort. All respiratory measurements containing volume units were expressed as per gram body weight to normalize for weight differences between mice. Each mouse was used for 4 trials with 1 wk between experiments. The number of mice used in the present experiments is comparable to previous studies with statistical power adequate for phenotyping strain-specific aspects of ventilatory control. 31 
Data Analysis
Descriptive statistics, Student's t-test, and Wilcoxon's ranked sum test were used to determine significant differences between genotypes. Respiratory rate during recovery from isoflurane anesthesia was also plotted using Poincaré analyses in which the mean respiratory rate for 5-min segments was plotted against the mean respiratory rate for the subsequent 5-min segment. As described in detail elsewhere, 32, 33 Poincaré analysis provides unique insights into the temporal organization of periodic phenomena. Data are reported as mean Ϯ se of the mean (sem). A P value Ͻ0.05 was interpreted to indicate a statistically significant difference. Figure 1A shows that G␣ i2 GS/GS mice exhibited a significant decrease in time to loss of righting response compared with WT mice. To exclude changes in kinetics of isoflurane distribution, recovery from anesthesia was also assessed. Figure 1B and inspiratory time ( Fig. 2A-C ; left histograms). The GS/GS mice revealed a significantly slower rate of breathing than WT before isoflurane anesthesia ( Fig.  2A) . In contrast to baseline, all respiratory measures were significantly different between WT and GS/GS mice after isoflurane anesthesia ( Fig. 2A-C ; right histograms). Table 1 summarizes the percent change in breathing caused by isoflurane anesthesia. The greatest change in breathing was the increased duration of inspiration in GS/GS mice (Fig. 2C, postisoflurane) .
RESULTS
The Poincaré plots illustrate and quantify the variability in respiratory rate characteristic of WT ( Fig. 3A) and G␣ i2 GS/GS (Fig. 3B ) mice. For 1 h after cessation of isoflurane delivery, WT mice exhibited a wider range of respiratory rate variability than G␣ i2 GS/GS mice. The diminished variability in rate of breathing by the G␣ i2 GS/GS mice can be visualized by contrasting the distribution of points in Figure 3 , A and B. Poincaré analyses quantify the differences in variability in 2 ways. The first standard deviation (sd 1 ) represents breath-to-breath (short-term) variability with respect to the line of identity (y ϭ x). The second standard deviation (sd 2 ) represents the amount by which the data points varied from a line orthogonal to and intersecting the line of identity at the mean. sd 2 reflects the overall (long-term) variability in respiratory cycle length throughout the 1-h postisoflurane recovery period. G␣ i2 GS/GS mice exhibited significantly less breath-to-breath variation than WT mice.
DISCUSSION
The results show decreased time to loss of righting response with exposure to isoflurane and increased time for resumption of righting after cessation of isoflurane in GS/GS knock-in mice (Fig. 1) . These findings support the interpretation that RGS proteins can modulate, in part via G␣ i2 signaling, both the loss and the resumption of wakefulness. The Figure 1 data could be attributable to a direct action of isoflurane on GPCRs 10 -12 or to the effect of isoflurane on signaling molecules downstream of the primary site of anesthetic action. 6, 7 This new finding concerning RGS proteins is consistent with data regarding the role of GPCRs in arousal state control. For example, the hypothalamic peptide hypocretin/orexin promotes wakefulness via 2 GPCRs. 34 Wake-active hypocretin Figure 2 . G␣ i2 GS/GS mice exhibited greater respiratory depression during the initial 20-min postisoflurane anesthesia recovery period compared with wild-type (WT) mice. Each bar summarizes data from 3 mice randomly chosen from the 2 genotypes. The left pair of histograms in frames A, B, and C plots baseline measures before isoflurane exposure. A, At baseline, respiratory rate in G␣ i2 GS/GS mice was significantly less than in WT mice. Inspiratory flow (B) and inspiratory time (C) were not different between G␣ i2 GS/GS and WT mice during baseline recordings. The right pair of histograms illustrates breathing measures in G␣ i2 GS/GS and WT mice after isoflurane. A, After isoflurane, respiratory rate in G␣ i2 GS/GS mice was significantly (*P ϭ 0.01) lower than in WT mice. B, Inspiratory flow was significantly (*P ϭ 0.008) decreased compared with WT mice by isoflurane. C, Inspiratory time was significantly (*P Ͻ 0.0001) increased in G␣ i2 GS/GS mice compared with WT mice during recovery from isoflurane anesthesia. neurons are inhibited by isoflurane, and genetic deletion of hypocretin/orexin delays the resumption of righting after isoflurane anesthesia. 12 Adenosine promotes sleep via 4 GPCRs, and recovery from isoflurane anesthesia can be significantly delayed or shortened by cortical delivery of an adenosine A 1 receptor agonist or antagonist, respectively. 11 Arousal state-dependent alterations in breathing can be modulated by G␣ i -coupled receptors, including muscarinic M2 and M4, adenosine A1, and adrenergic ␣ 2 . 7,21,35-38 G␣ i2 GS/GS mice exhibited greater isofluraneinduced respiratory depression compared with WT littermate controls (Figs. 2 and 3) . The significantly decreased inspiratory flow and increased inspiratory time in the G␣ i2 GS/GS mice show that enhanced G␣ i2 signaling also contributes to respiratory rate depression during recovery from isoflurane anesthesia.
Poincaré analyses provide a novel tool for quantifying and visualizing breath-to-breath variability in respiratory rate. 39 GPCRs amplify transmembrane signaling in the time domain, and previous studies demonstrate that RGS proteins alter cardiovascular control. 25, 26 In view of the relevance of cardiorespiratory control for anesthesiology, a logical extension of these previous findings was for the present study to quantify the extent to which RGS proteins might alter respiratory rhythm generation. A waxing and waning of respiratory rate is one characteristic of disordered breathing associated with the loss of wakefulness. 40 Poincaré analyses can uniquely phenotype the temporal organization of ventilatory behavior. 31, 41 Furthermore, variability in breathing pattern has been shown to be clinically useful as a weaning predictor for postanesthesia patients, 32 for diagnosis of sleep apnea, 42 and for elucidating which components of the central respiratory rhythm generator are most altered by opioids. 43 The present Poincaré analyses show ( Fig. 3 ) that, compared with WT mice, the G␣ i2 GS/GS mice have a less variable respiratory rate during recovery from isoflurane anesthesia. A highly variable rate of breathing (Fig. 3A) observed among WT mice is characteristic of a ventilatory control system that can rapidly respond to rapidly changing metabolic and environmental demands. In the GS/GS mice (Fig. 3B ), a clustering of points along the line of identity indicates that long-duration breaths were followed by similarly timed breaths. In contrast to WT mice that have normal RGS proteins, the G␣ i2 GS/GS mice have prolonged inhibitory signaling. 24 Thus, the phenotype of ventilatory timing revealed by Poincaré analysis fits with differences in RGS protein dynamics between WT and GS/GS mice. Compared with WT control mice, isoflurane caused a rapid loss of consciousness and a delayed resumption of wakefulness in the GS/GS mice (Fig. 1) . The isoflurane effects on breathing may also be due to the loss of a wakefulness stimulus on breathing. 44 Respiratory depression and decreased breathing rate variability may also be a consequence of the enhanced G␣ i2 signaling outside the brain. For example, a decrease in upper airway and respiratory pump muscle activity due to lowered Ca 2ϩ levels in the respiratory accessory and pump muscle cells 45, 46 may also contribute to decreased variability in breathing. Some anesthetics inhibit upper airway muscles 47 and decrease diaphragm contractility. 48 The greater respiratory rate depression in the G␣ i2 GS/GS mice Each point represents the mean respiratory rate (n ϭ 3 mice per genotype) of a 5-min segment plotted against the next 5-min segment. The plot was analyzed by determining 2 standard deviation values: sd 1 and sd 2 for each data point. sd 1 is defined as the dispersion of points perpendicular to the line-of-identity (L1). sd 1 is used to analyze short-term variation. For these analyses, sd 1 corresponds to breath-tobreath variation of the respiratory cycle. The centroid is the point representing the overall mean respiratory rate. sd 2 is defined as the dispersion of points along the line-of-identity passing through the centroid. sd 2 is also referred to as long-term variation and for these data, sd 2 characterizes variability in respiratory rate due to genotype. Breath-tobreath respiratory rate of G␣ i2 GS/GS mice was significantly (*P Ͻ 0.001) less variable (smaller sd 1 ) than WT mice. may reflect a synergistic effect of enhanced G␣ i2 signaling on central and peripheral control mechanisms.
A general limitation of the approach used in this study is that transgenic animals can develop compensatory modulation by other genes and gene products. 49, 50 Any study of genetically modified animals has the potential to be confounded by compensatory changes that occur during development. Indeed, G␣ i2 knock-out mice show that G␣ i3 is upregulated. 51 Although such secondary changes could cause or contribute to the observed changes in anesthetic responses, the evidence for G i -coupled receptor signaling in arousal state control suggests that the simple model of enhanced G␣ i2 signaling as the mechanism is reasonable. Further study with other G i/o protein mutants (either RGS-insensitive or knockout) would provide additional support for this interpretation. Future studies designed to identify the receptor and signaling pathways involved in the presently observed changes in arousal state and respiratory effects of isoflurane can provide additional important information.
This study is also limited by lack of data regarding relevant isoflurane minimum alveolar anesthetic concentration (MAC). It is not yet known how MAC values in these knock-in G␣ i2 GS/GS mice compare with MAC of the WT mice. This study was performed in part to determine whether phenotype differences justify the effort and cost of creating enough GS/GS mice and heterozygote mice for a study designed to quantify MAC. 30 The present finding of statistically significant differences, even with the relatively small number of WT and GS/GS mice studied, supports the interpretation of a robust effect of RGS proteins on breathing as well as loss and recovery of righting. These results encourage development of a transgenic colony large enough to enable studies of receptor systems and neural networks through which RGS proteins modulate anesthesia and breathing phenotypes.
In conclusion, compared with WT controls, homozygous knock-in G␣ i2 GS/GS mice with enhanced G␣ i2 signaling exhibited shorter time for loss of righting caused by isoflurane and increased time for recovery of righting after isoflurane anesthesia. G␣ i2 GS/GS mice also revealed decreased breathing rate and inspiratory flow, increased inspiratory time, and a less variable respiratory rate during recovery from isoflurane anesthesia. The results are consistent with the interpretation that G␣ i2 signaling contributes to the loss of consciousness and respiratory depression caused by isoflurane. Finally, these data suggest a link between RGS proteins and isoflurane modulation of wakefulness and breathing and encourage future studies to determine whether RGS proteins contribute to the mechanisms of anesthetic action.
